Glucoamylase, glucodextranase, trehalase, and eukaryotic N-glycan processing α-glucosidase I have been identified as exo-acting enzymes that hydrolyze α-1,Xglucosidic linkages from the non-reducing end to produce β-glucose. While the physiological functions of these enzymes are different, they share a catalytic (α/α) 6 barrel domain and show many structural similarities. These enzymes, with few exceptions, belong to the glycoside hydrolase families (GHs) 15, 37, and 63 in the CAZy database, and all these enzymes have 2 conserved aspartic or glutamic acid residues in the catalytic domain. The observations led us to consider that the group of GH15, GH37, and GH63 may be designated as a "glucoamylase family." There are also many hydrolases and phosphorylases structurally related to GH15, GH37, and GH63.
A. Introduction
Glucose is one of the most essential molecules for living organisms, and it performs numerous physiological functions. For example, starch, a polysaccharide consisting of glucose residues, functions as an energy storage material, while in the eukaryotic N-glycans, processing of glucose residues is important for the calnexin/calreticulin binding cycle involved in protein folding and quality control (1) (2) (3) . This multi-functionality of carbohydrates can be attributed to wide variety of glycosidic linkages. Monosaccahrides show 2 anomeric forms, namely α-and β-forms; even if we consider only α-gluco-disaccharides, there are 5 disaccharides, trehalose, kojibiose, nigerose, maltose, and isomaltose, which are linked by α-1,1-, α-1,2-, α-1,3-, α-1,4-, and α-1,6-glucocidic linkages, respectively.
We are presently studying the enzymes that hydrolyze α-1,X-glucosidic linkages, and we have determined the 3-dimensional structures of some of these enzymes. Generally, the structures of the enzymes that hydrolyze α-1,X-glucosidic linkages are not similar to each other; for example, α-amylase and glucoamylase are composed of entirely different structures. However, in the case of inverting hydrolases, which are exo-acting and release β-glucose from the non-reducing end of the substrate, structures and catalytic mechanisms of the enzymes are similar to one another (4) . The 3-dimensional structures of the enzymes characterized by this description are illustrated in Fig. 1 . The enzymes are glucoamylase (EC 3.2.1.3; Fig. 1A ,B) (5, 6) , glucodextranase (EC 3.2.1.70; Fig. 1C ) (7) , and trehalase (EC 3.2.1.28; Fig.  1D ) (8) , which hydrolyzes α-1,4-, α-1,6-, and α-1,1-glucosidic linkages, respectively, and Escherichia coli YgjK (Fig. 1E ) (9) , an enzyme that hydrolyzes the α-1,3-glucosidic linkage of nigerose. All these enzymes contain an α-helix-rich domain, designated as the (α/α)6 barrel, where the catalytic residues are located, and most of the enzymes have a β-sandwich domain at the N-terminus.
The Carbohydrate-Active Enzyme (CAZy) database (http://www.cazy.org/) is indispensable (10) for the study of the structure/function relationship of glycosidases. Although there are some exceptions, glucoamylase and glucodextranase belong to the glycoside hydrolase family (GH)15, trehalase belongs to GH37, and E. coli YgjK belongs to GH63 in the CAZy database. A "clan" is a group of families that are thought to share a common ancestry; thus, the family GH15 is assigned to clan GH-L, while families GH37 and GH63 form the glycoside hydrolase clan GH-G. In this paper, 
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we have described hydrolases, which are exo-acting and release β-glucose from the non-reducing end of the substrate, namely, enzymes belonging to families GH15, GH37, and GH63. These enzymes share structural similarities despite the differences in their physiological functions. The notable enzymes appearing in this review are summarized in Table I .
B. Enzymes Belonging to GH15: Glucoamylase and Glucodextranase
Glucoamylase (EC 3.2.1.3) is the most extensively studied enzyme among the enzymes of the families GH15, GH37, and GH63. In the case of anomer-inverting enzymes, a single displacement mechanism has been proposed, and 2 catalytic residues function as a general acid and a general base (11) (12) (13) . Both the catalytic residues of glucoamylase have been identified as glutamic acid residues (14) , and in the most characterized glucoamylase, Aspergillus awamori glucoamylase, the catalytic residues are Glu179 and Glu400, respectively (15, 16) . The crystal structure of the catalytic domain of A. awamori glucoamylase, which was presented in 1992, was the first reported structure of enzymes in the families GH15, GH37, and GH63 (17) . Fungal glucoamylases such as A. awamori glucoamylase are generally composed of 2 domains, an N-terminal catalytic domain consisting of an (α/α) 6 barrel fold and a C-terminal starch-binding domain, connected by an O-glycosylated linker (14, 18) . Initially, the 3-dimensional structures of the catalytic domain (17) and the starch-binding domain (19) determined separately, but recently, the intact structure of Hypocrea jecorina glucoamylase has been reported, as shown in Fig. 1A (5). G l u c o a m y l a s e h a s b e e n g r o u p e d i n t o s e v e r a l subfamilies (20) , and the domain composition of many bacterial and archaeal glucoamylases is different from that of the fungal enzymes. A bacterial glucoamylase from Thermoanaerobacterium thermosaccharolyticum is shown in Fig. 1B (6) . No starch-binding domain, as observed in fungal glucoamylases, is found at the C-terminal part, but rather, the enzyme is composed of an N-terminal β-sandwich domain, and an α-helical linker joins the N-terminal domain and the catalytic (α/α) 6 barrel domain. In addition to GH15, many of the other enzymes described in this paper share similar domain compositions. In the SCOP database (http://scop.mrclmb.cam.ac.uk/scop/) (21) , the N-terminal domain has been classified into a galactose mutarotase-like superfamily with a super β-sandwich fold. Although the physiological function of the N-terminal domain is unclear, numerous glycosidases possessing the domain, such as GH57 4-α-glucanotransferase from Thermococcus litoralis (22) , are classified into the same superfamily, suggesting that the super β-sandwich domain could bind to sugars.
Most GH15 enzymes are identified as glucoamylases, but 2 glucodextranases (EC 3.2.1.70) from Arthrobacter globiformis strains (7, 23) , and one trehalase (EC 3.2.1.28) from Mycobacterium smegmatis (24) belong to GH15. While glucoamylases are specific for the hydrolysis of α-1,4-glucosidic linkages, they also cleave α-1,6-glucosidic linkage; however, their activity for the α-1,6-glucosidic linkage is 0.2% of that for the α-1,4-glucosidic linkage (14) . In contrast, glucodextranase is defined as an enzyme that hydrolyzes the α-1,6-glucosidic linkages of dextran from the non-reducing end to produce β-glucose. We have determined the enzymatic properties and the crystal structure of A. globiformis I42 glucodextranase (7, 25) , and indicated that this glucodextranase hydrolyzes the α-1,4-glucosidic linkages of maltotetraose and maltose; however, their activity of glucodextranase towards α-1,4-glucosidic linkage is about 1% of that for α-1,6-glucosidic linkage. The 3-dimensional structure of glucodextranase is composed of 4 domains, N, A, B, and C (Fig.  1C) . Domains N and A form a super β-sandwich and an (α/α) 6 barrel, respectively, as observed in T. thermosaccharolyticum glucoamylase. Domains B and C are not found in the bacterial glucoamylase, and domain C is homologous with a surface layer homology (SLH) domain, which is reportedly necessary for the attachment of bacterial proteins to the cell wall (26) . It is likely that domains B and C are not related with the glucodextranase activity, and domain C could function as the cell wall anchor. Superimposition studies of T. thermosaccharolyticum glucoamylase and A. globiformis I42 glucodextranase have shown that the amino acid residues involved in subsites -1 and +1 are essentially identical, whereas the residues in the vicinity of subsite +2 are poorly conserved. This indicates that the architecture of subsite +2 is critical for the substrate specificity of these enzymes (7).
C. Enzymes Classified into Clan GH-G: Trehalase, Processing α-Glucosidase I, and Nigerose-hydrolyzing Enzyme
The previous section describes the GH15 enzymes glucoamylase and glucodextranase, which are members of clan GH-L, while this section introduces enzymes belonging to GH37 and GH63, which are grouped into clan GH-G. Among the GH37 enzymes, only the activity of trehalase (EC 3.2.1.28) has been reported (8, 27) . Fig. 1D shows the crystal structure of trehalase Tre37A from Escherichia coli. E. coli Tre37A is composed of a small α-helical domain at the N-terminal and a catalytic (α/α) 6 barrel domain at the C-terminal. Studies performed using deuterium-labeled trehalose have shown that the catalytic reaction of a GH37 trehalase from the European honeybee occurs by the oxocarbenium ion intermediate mechanism (28) .
The most commonly characterized activity of GH63 enzymes is the eukaryotic processing α-glucosidase I (EC 3.2.1.106), which involves trimming of the non-reducing terminal glucose residues in the N-linked oligosaccharide precursor, Glc 3 Man 9 GlcNAc 2 (29, 30) . The properties of Cwh41p, a processing α-glucosidase I from Saccharomyces cerevisiae, have been well-studied (30) (31) (32) (33) (34) (35) , and an NMR study showed that the processing α-glucosidase I is an anomerinverting enzyme (35) . However, no crystal structure of the eukaryotic processing α-glucosidase I is currently available, whereas the structures of 2 bacterial GH63 proteins, E. coli YgjK (Fig. 1E) and Thermus thermophilus uncharacterized protein TTHA0978 (PDB id, 2Z07), have been determined. (36) ; thus, the functions of bacterial GH63 proteins are unknown (9,37). We have reported the structure of E. coli YgjK, which was the first report on the crystal structure of a GH63 protein, and characterized its enzymatic properties (9) . The domain compositions of E. coli YgjK and T. thermosaccharolyticum glucoamylase are essentially identical; they are composed of an N-terminal super β-sandwich domain and a C-terminal catalytic (α/α) 6 barrel domain, which joined by an α-helical linker. E. coli YgjK and the eukaryotic processing α-glucosidases show a low homology, but the C-terminal part of YgjK exhibits 21% identity to that of S. cerevisiae Cwh41p. Interestingly, E. coli YgjK showed high activity for the α-1,3-glucosidic linkage of nigerose (Glc-α-1,3-Glc); however, the activity for kojibiose (Glc-α-1,2-Glc), a terminal structure of Glc 3 Man 9 GlcNAc 2 , was 0.3% of that for nigerose. The enzyme also weakly hydrolyzes trehalose, maltose, and maltooligosaccharides, suggesting that the substrate specificity of E. coli YgjK is low (9) . The catalytic residues of GH15 are identified as 2 glutamic acid residues, while in the case of GH37 and GH63, an aspartic acid residue and a glutamic acid residue function as the general acid and the general base, respectively, but the positions of the catalytic residues are highly conserved (8, 9) . Superimposition studies of GH37 (E. coli Tre37A) and GH63 (E. coli YgjK and T. thermophilus uncharacterized protein TTHA0978) show that the main chains of their catalytic (α/α) 6 barrel domains are overlain (Fig. 2) . A characteristic extended loop inserted between the fifth and sixth helices is found in the structure of enzymes of the clan GH-G, GH37 and GH63. This extra structural unit, designated as the A'-region in E. coli YgjK, is located adjacent to the catalytic residues (9), and is structurally diverse among E. coli Tre37A, E. coli YgjK, and T. thermophilus uncharacterized protein TTHA0978 (Fig.  2) . These observations suggest that the extended loop may contribute to the substrate specificity of clan GH-L.
B a c t e r i a d o n o t p r o d u c e e u k a r y o t i c -t y p e N -l i n k e d oligosaccharides
D. Enzymes Structurally Related to Enzymes of the Families GH15, GH37, and GH63
Many enzymes are structurally related to enzymes of the families GH15, GH37, and GH63. Stam et al. predicted that GH15, GH37, GH63, GH65, GH78, GH92, GH94, and GH95, and, possibly GH8, GH9, and GH48, share a common evolutionary origin (4) . All of these GH enzymes contain the (α/α) 6 barrel or a similar domain in their structures. This paper describes enzymes of the families GH65, GH78, GH92, GH94, and GH95, the catalytic domains of enzymes of these families show high homology with those of GH15, GH37, and GH63 (Table I) Although the GH65 contains some acid trehalases (38) , numerous phosphorylases are classified into GH65 (e.g., maltose phosphorylase and trehalose phosphorylase) (39, 40) and GH94 (e.g., chitobiose phosphorylase and cellobiose phosphorylase) (41, 42) . Lactobacillus brevis maltose phosphorylase (GH65; Fig. 3A ) (39) and Vibrio proteolyticus chitobiose phosphorylase (GH94; Fig. 3B ) (41) are composed of an N-terminal super β-sandwich domain and a C-terminal catalytic (α/α) 6 barrel domain, and their architectures are similar to those of T. thermosaccharolyticum glucoamylase (GH15) and E. coli YgjK (GH63). These phosphorylases form dimers; however, we have illustrated the respective monomers in Fig. 3A and 3B to facilitate comparison with the enzymes shown in Fig. 1 . Interestingly, GH94 cleaves β-linked sugars to produce α-sugar phosphate, while the other members, which belong to GH15, GH37, GH63, GH65, GH78, GH92, and GH95, act on α-glycosidic linkages to liberate β-anomer products. The catalytic mechanism of the GH65 and GH94 phosphorylases is identical to that of the GH15, GH37, and GH63 hydrolases. The general acid catalyst corresponding to Glu179 in A. awamori glucoamylase is identified as Glu487 in L. brevis GH65 maltose phosphorylase (39) and Asp492 in V. proteolyticus GH94 chitobiose phosphorylase (41) . The residue that acts as a general base, corresponding to Glu400 in A. awamori glucoamylase, is substituted for a phosphate ion in both GH65 and GH94 (11) . 3C, 3D , and 3E show GH78 α-L-rhamnosidase (43), GH92 α-mannosidase (44) , and GH95 1,2-α-L-fucosidase (45) , all of which hydrolyze oligo-and polysaccharides consisting of monosaccharides other than glucose. These enzymes are composed of multiple domains in addition to the catalytic (α/α) 6 barrel, and thus form complicated structures. GH78 α-L-rhamnosidase from Bacillus sp. GL1 exists as a homodimer, and its monomer is shown in Fig. 3C . Among these GH enzymes, the catalytic residues of GH92 enzymes may be the most similar to those of GH15, GH37, and GH63. Zhu et al. have reported that the catalytic (α/α) 6 barrel of Bacteroides thetaiotaomicron GH92 α-mannosidase Bt3990 shows similarity to that of GH37 trehalase E. coli Tre37A. Superimposition of the 2 (α/α) 6 barrel domains shows that the positions of the catalytic residues of E. coli Tre37A, Asp312 and Glu496, are located relatively close to those of B. thetaiotaomicron GH92 α-mannosidase Bt3990, Glu533 and Asp644. The most conspicuous character of the GH92 α-mannosidases, however, is that a calcium ion is present in the active center and plays a key catalytic role in helping distort the sugar conformation (44) .
The catalytic (α/α) 6 barrel domain of GH78 α-Lrhamnosidase shares substantial structural similarity with GH15, and the catalytic residue corresponding to Asp400 in A. awamori glucoamylase is conserved as Glu841, but there is no residue corresponding to Glu179 in A. awamori glucoamylase, and thus the catalytic mechanism of GH78 is still unclear (43) . GH95 1,2-α-L-fucosidase also adopts a unique reaction mechanism, in which an asparagine residue activated by a neighboring aspartic acid residue acts as a base (45, 46) . It is intriguing that the catalytic mechanisms of enzymes that hydrolyze oligo-and polysaccharides consisting of monosaccharides other than glucose are different from those of GH15, GH37, and GH63.
E. Concluding Remarks
This paper describes the structural homology among exo-acting hydrolases that cleave α-1,X-glucosidic linkages to produce β-glucose from the non-reducing end of the substrate. The enzymes grouped in GH15, GH37, and GH63 share common catalytic (α/α) 6 barrel domains, and the positions of catalytic aspartic acid / glutamic acid residues are conserved. The relationship among the GH15, GH37, and GH63 enzymes seems to be comparable to that among enzymes belonging to the GH13 α-amylase family. The α-amylase family enzymes share a common catalytic domain, which forms a (β/α) 8 barrel, and contains 2 aspartic acid residues and a glutamic acid residue as the catalytic residues (47, 48 domain composition is diverse. Unlike the α-amylase family, the catalytic residues of GH15, GH37, and GH63 are either aspartic acid or glutamic acid residues, so they are not strictly conserved. However, the positions of catalytic residues are essentially identical and many similarities are found among GH15, GH37, and GH63. It may be reasonable to designate GH15, GH37, and GH63 as a "glucoamylase family." This paper also describes enzymes structurally related to those in families GH15, GH37, and GH63. Their catalytic mechanisms are clearly different from those of GH15, GH37, and GH63, and thus these cousin enzymes may not belong to "glucoamylase family," but it is likely that some carbohydrate active enzymes can be grouped on the basis of criteria different from those for the α-amylase family.
Glucoamylase is an important industrial enzyme (14, 49, 50) , and many studies of the "glucoamylase family" have been carried out to support industrial applications. Recently, the group of Wada et al. has reported that some mutants of GH95 1,2-α-L-fucosidase showed 1,2-α-Lfucosynthase activity (46) , suggesting that enzymes of families GH15, GH37, GH63, and related enzymes can be converted into glycosynthases by means of mutagenesis (51, 52) . Further studies may provide information on the industrial application of these enzymes.
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